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Abstract
By means of non-resonant Raman spectroscopy and density functional theory calcu-
lations, we measure and assign the vibrational spectrum of two distinct two-dimensional
lead-iodide perovskite derivatives. These two samples are selected in order to probe the
effects of the organic cation on lattice dynamics. One templating cation is composed
of a phenyl-substituted ammonium derivative, while the other contains a linear alkyl
group. We find that modes that directly involve the organic cation are more prevalent
in the phenyl-substituted derivative. Comparison of the temperature dependence of
the Raman spectra reveals differences in the nature of dynamic disorder, with a strong
dependence on the molecular nature of the organic moiety.
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Hybrid organic-inorganic metal-halide perovskites (HOIPs) are a class of ionic semicon-
ductors that are characterized by the ‘softness’ of the crystal lattice.1 This gives rise to
complex lattice dynamics that define the nature of charge transport2,3 and relaxation pro-
cesses,4 as well as the nature of dynamic disorder.5 Although it was initially argued that
the motion induced by the organic-inorganic interactions has considerable impact on the
dynamic disorder of the lattice,6,7 later works demonstrated that such motion is ubiquitous
to the metal-halide perovskite structure, even within all-inorganic frameworks.8 However,
some experiments have also provided evidences for the non-trivial influence of the organic
cation motion on the carrier induced lattice deformation and subsequently on the polaron
formation dynamics.9
Figure 1: Hybrid organic-inorganic perovskites (HOIP’s). (a) Representation of the
(NBT)2PbI4 perovskite.(b) Raman spectra of (NBT)2PbI4 at 15 K. (c) Representation of
the (PEA)2PbI4 perovskite. The monolayered PbI4 octahedra are separated organic cations.
(d) Raman spectra of (PEA)2PbI4 at 15 K.
We have recently demonstrated that such polaronic effects can be perceived even within
two-dimensional counterparts of the 3D HOIPs. When chosen appropriately, the organic
3
cation in the crystalline motif in perovskitoid derivatives separates the single layers of metal-
halide octahedra lattices planes and thus electronically decouples them from each other. This
results in quantum-well-like structures as exemplified in Fig. 1(a) and (b) for two distinct
cations, n-butly ammonium (NBT) and phenlyelthylammonium (PEA) respectively. Strong
quantum and dielectric confinement effects give rise to Wannier excitons with extraordinarily
high binding energy compared to III-V semiconductor quantum wells, for example, in the
order of 200–300 meV.10 However, as opposed to Wannier excitons in quantum wells, the
exciton absorption lineshape exhibits rich spectral structure that we have attributed to
polaronic effects11,12 — excitons induce long-range lattice deformations due to Coulomb
interactions. The fundamentally important question arising from this identification is the
following: how do the lattice dynamics imposed by the cation A influence the excitonic
properties of this class of materials?
In this article, we carry out non-resonant Raman spectroscopy on two derivatives of a
single layer lead-iodide perovskite, A2PbI4 (A = n-butylammonium and phenylethylammo-
nium), as a function of temperature over the range 15–295 K. In one sample, the organic
cation A consists of an ammonium derivative containing a linear alkyl chain, while in the
other one it includes phenyl substitution. We find that the temperature-dependent Raman
spectrum is strongly dependent on the nature of the cation, with the organic cation con-
tributing more directly to Raman-active modes with frequency ≤ 200 cm−1. We discuss the
evolution of the Raman spectra with temperature in light of these differences between the
two samples investigated, and we conclude that the nature of dynamic disorder at room
temperature is distinct.
In the current work, we are particularly interested in discerning the evolution of the
vibrational spectra below room temperature. (NBT)2PbI4 undergoes a crystal phase tran-
sition in the range of 220 - 260 K (depending on the direction of the temperature scan),
below which the PbI6 octahedra are subjected to significant out-of-plane tilt, as represented
in Fig. 1(a). (PEA)2PbI4, on the other hand does not show any first order phase transition
4
Figure 2: Raman Stokes spectra of (NBT)2PbI4 and (PEA)2PbI4. (a) Experimental and
theoretical assignment of Raman Stokes spectra of single crystals of (NBT)2PbI4 at 15 K .
(b) Experimental and theoretical assignment of Raman Stokes spectra of single crystals of
(PEA)2PbI4 at 15 K. The measurements were done in vacuum using a cold finger cryostat
at 730 nm with a pump power of 100 mW.
in the probed temperature range, as confirmed by X-ray scattering measurements at least
till about 77 K.13 The corresponding crystal structure with minimum octahedral distortion
is shown in Fig. 1(c). Fig. 1(b) and (d) show the non-resonant Raman spectra taken from
single crystals of (NBT)2PbI4 and (PEA)2PbI4 respectively over a wide temperature range.
Close to room temperature, the Raman response of both the samples are composed of
broad spectral lineshapes with peaks centered around 100 cm−1 and 130 cm−1. A broad peak
leading to a central peak is also evident, especially in the case of (PEA)2PbI4. Yaffe et al.
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made similar observations from temperature dependent low-frequency Raman measurements
on hybrid lead-halide perovskite crystals. They observed that the Raman spectra are diffuse
with continuum underlying broad Raman transitions at the positions corresponding to the
softened modes. By performing molecular dynamics simulations, they have found that the
structural fluctuations are prevalent in halide perovskites and they also identify the vibra-
tional motifs that have a large amplitude at higher temperatures. As elaborated by Yaffe et
al,8 this is an evidence of dynamic disorder within the perovskite lattice.
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Upon lowering the temperature, sharp and distinct features are observed in both the
compounds. The low energy modes in the vibrational spectra of perovskite compounds
correspond to the motion within the lead halide network. In spite of the fact that the
investigated compounds are both based on lead iodide networks, they exhibit very distinct
responses, highlighting the role played by the organic cation on the vibrational degrees
of freedom. As we will discuss below, this arises not only due to the different degree of
distortions induced by the organic cation within the lead iodide octahedra depending on
the binding site, but also due to the relative motion introduced by the local vibrational
modes of the organic ligand which changes with the chemical nature. We use the high
resolution spectra obtained at 15 K in conjunction with the density functional theory (DFT)
calculations to firstly assign the observed modes to specific lattice motion and then to analyze
the evolution of the each of the normal modes with temperature.
Table 1: Assignment of Raman modes for (NBT)2PbI4
Mode exp. shift (cm−1) theo. shift (cm−1) Symmetry Description
A2 72.32±0.07 73 Ag in-phase Pb-I (apical)
stretching + octahedral rotation
A3 88.9±0.1 84 Ag in-phase Pb-I (apical)
stretching + octahedral rotation
A4 99.63±0.1 93 Ag out of phase Pb-I (equatorial)
stretching
A5/6 114±1 102 B1g in-phase Pb-I (equatorial)
stretching + PbI4 breathing
A7 127.5±0.5 133 B3g organic torsional
A8/9 146.5±0.7/154±1 147/156 Ag / B1g organic torsional
A10/11 169±0.5/178.2±0.3 167/171 B3g / Ag organic torsional
A12 239.1±0.4 243 Ag torsional of H-N-C-C angle:
involved H-bonding
The experimental Raman spectra of (NBT)2PbI4 and (PEA)2PbI4 taken at 15 K are
displayed in the top panels of Fig. 2(a) and (b) respectively and the corresponding theoretical
spectra are shown in the bottom panels. The DFT calculations are based on harmonic
approximation and relies on crystallographic models of the considered compounds obtained
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Table 2: Assignment of Raman modes for (PEA)2PbI4
Mode exp. shift (cm−1) theo. shift (cm−1) Symmetry Description
B1 78.3±0.1 84 Ag in-phase Pb-I stretching +
octahedral rotation
B2 106.2±0.1 110 Ag pi − pi vibration of PEA
B3 134.6±0.4 141 Ag pi − pi vibration of PEA
B4/5 139.3±0.2 150 Ag pi − pi vibration of PEA
from available X-ray diffraction data. The calculations are performed with periodic boundary
conditions and localised atomic basis set as implemented in CRYSTAL17 program (more
details are provided in the Methods section). As it is evident from Fig. 2, the theoretical
predictions match with the experimental spectral with an acceptable level of accuracy. A
comparison of the experimental energies and theoretical predictions along with the associated
symmetry and assignments are listed in Tables. 1 and 2.
In both the compounds, modes at frequencies ≤ 100 cm−1, A2-A6 in (NBT)2PbI4 and B1
in (PEA)2PbI4 can be assigned to motion of the lead iodide network. This includes in phase
stretching of the Pb-I bond along with rotation of the octahedra along various pseudocubic
axis within the inorganic layer. We recently demonstrated existance of similar modes even
below 50 cm−1 via impulsive stimulated Raman scattering12 and not accessible in the current
experimental configuration. The appearance of multiple modes in the case of (NBT)2PbI4
with respect to (PEA)2PbI4 can be attributed to the stiffening of the lattice due to the
octahedral distortion and thus increase in the energy of the vibrational modes, resulting in
their appearance in the probed spectral range.
Intriguingly, modes above 100 cm−1 have substantial, if not exclusive contribution from
the motion of the organic cations. In the case of (NBT)2PbI4, these correspond to various
torsional motion of the C-C-C bond within the NBT molecule along with associated motion
within the inorganic lattice induced via hydrogen bonding. The latter is particularly relevant
for mode A12 which is associated to the torsion of the H-N-C-C bond angle and thus involves
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substantial motion of the amine group that binds to the inorganic framework. In the case of
(PEA)2PbI4, the three modes observed above 100 cm
−1, B2-B4 correspond to the motion of
the phenly rings that are pi-stacked within the lattice.
Figure 3: Peak energy vs full width at half maximum (FWHM) as a function of temperature
for the main modes of (NBT)2PbI4 at 15 K. (a) Mode A2. (b) Mode A4. (c) A5 and A6.
(d) A12 mode.
Having successfully assigned the low temperature Raman spectra to specific lattice nor-
mal modes, we now discuss the temperature trends of the spectral energies and linewidths.
Plotted in Fig. 3 are the relative energy shifts (with respect the 15 K values) and the full
width at half maximum of four representative modes of (NBT)2PbI4. The choice of the
modes is not only based on the existence of clear peaks over a wide temperature range, but
also on their distinct nature. Modes A3 and A4 that correspond to the apical and equatorial
stretching of the Pb-I bond respectively exhibit similar trends with temperature (Figs. 3(a)
and (b)). The mode energies monotonically reduce due to the softening of the lattice at
higher temperatures. While this can be attributed to the thermally activated lattice expan-
sion, Cortecchia et al14 recently demonstrated using comprehensive X-ray diffraction data
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the lattice expansion is not mediated by the octahedral expansion. It is rather assisted by the
tilting of the octahedra, which qualitatively explains the higher sensitivity of the equatorial
stretch (A4) to temperature in comparison to the apical stretch (A3). It is intriguing here to
note the anomalous trend of mode A12 whose energy increases with increasing temperature.
As discussed previously, this mode corresponds to the motion of the organic cation and also
involves hydrogen bonding with the inorganic lattice. Tilting of the octahedra and NBT
molecule may stiffen such a motion leading to the observed increase. Another consideration
which has to be quantiatively formulated pertains to the anharmonicity induced by phonon-
phonon interactions at higher temperature. This may be particularly relevant to rationalize
the trend of A5 shown in Fig. 3(c), which exhibits a distinct behaviour above 150 K with
a rapid increase in the mode energy as well as substantial broadening of the linewidth. A
quantitative analysis of these trends will provide the essential insights into the distinct trends
of various modes shown in Fig. 3.
Coming to the case of (PEA)2PbI4, we reported the distinct jumps at around 100 K for
(PEA)2PbI4, both in the Raman and linear spectra in our earlier work.
13 This is accompanied
by substantial broadening of one particular mode (B3) along with suppression of another
(B4) above 100 K, which we identify to be from the organic motion. Given that these
vibrations correspond to the pi-pi motion of the phenly groups, this peculiar temperature
trend can be interpreted as the increase in the disorder in the orientation of the organic
cations and the intermolecular interactions, which subsequently increases both static and
dynamic disorder within the lattice. Possibly, the phenyl ring stacking is driving lattice
ordering and greater coupling of the seemingly localized vibrations with the lattice. As
also hypothesized earlier by Thouin et al,13 this implies an order to disorder transition at
100 K, that concomitantly leads to a renormalization of the excitonic energies.The existence
of such intermolecular interactions induced by pi−pi stacking is peculiar to perovskite lattices
coordinated by phenly based organic cations. Such disordering effects have been identified
via NMR studies by Ueda et al,15 albeit at much higher temperatures, while our observations
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suggest a persistance of such effects even at lower temperatures. Intriguingly, Kamminga
et al16 noted in the case of (PEA)2MnCl4 that pi − pi interactions of the phenly groups
may provide an order parameter for a polar transition in such metal halide hybrids and
thus act as an unique handle to control the lattice characteristics. This shows that the
lattice dynamics are intricately controlled not only by the binding amine group, the position
of its binding and the length of the organic ligands, but also by the various interactions
which may exist within the organic layer itself. In addition, we have previously identified
and order-disorder transition for (PEA)2PbI4, while we do not see it in the (NBT)2PbI4
case. Due to the stronger intermolecular interactions in phenyl perovskites as shown by our
assignment of modes in table 2 for (PEA)2PbI4, we see that the dynamic disorder for such
crystals a room temperature (RT) is different than perovskites made of linear alkyl chain
as in the (NBT)2PbI4 case. This observation comes from our room temperature spectra of
(NBT)2PbI4 and (PEA)2PbI4 at Fig. 1, which, as we can see, are very different. Although we
recognize that our study covers a limited range of frequencies, our assessment of the lattice
motion in these two prototypical 2D perovskites allows us to show the importance of the
organic cation substitution in these materials.
In summary we demonstrated that both inorganic and organic vibrational modes play an
important role in lattice reorganization and dynamic disorder in 2D hybrid organic-inorganic
perovskites. By means of low-frequency temperature dependent Raman spectroscopy and
density functional theory calculations, we have identified distinct and narrow vibrational
modes at low temperature in (NBT)2PbI4 and (PEA)PbI4. The effect of the phenyl ligands,
linear alkyl chains and their substantial difference in their dynamic disorder must be taken
into account in order to have a better control over optoelectronic properties of 2D HOIPs.
Single crystals of (NBT)2PbI4 crystals are obtained via slow cooling. 100.52 mg of (NBT)I
and 115.12 mg of PbI2 are dissolved in hot concentrated HI water solution (1.2 ml at 100 ◦C).
The vial containing the solution is slowly cooled in steps of 2 ◦C per hour at room temperature
and left for one week in a refrigerator at 2 ◦C, promoting the growth of crystals at the bottom
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of the vial.
For single crystals of (PEA)2PbI4, 223.2 mg of PbO (Sigma Aldrich) is dissolved in 2 ml
of aqueous HI solution with the addition of 170 µL of 50% aqueous H3PO2 (Sigma Aldrich).
Separately, 92.4 µL of phenethylamine (Sigma Aldrich) are neutralized in 1 ml of HI (57%
wt), yielding a white precipitate which re-dissolves upon heating. The latter solution is
added to the PbO solution, and the mixture is stirred for 10 min at 150 ◦C on a hotplate.
Subsequently, the solution is left to cool down at room temperature. 24 h later, the grown
orange crystals are collected via filtration and dried under vacuum at 100 ◦C.
The Raman measurements were taken at 730 nm with an excitation power of 100 mW
using a continuous wave Ti:sapphire laser from Spectra Physics (Matisse TS) in a near
backscattering configuration. The beam was focused using a convex lens and the spot size
was about 100µm. The spectra were detected by a Princeton Instruments CCD which is
cooled by liquid nitrogen in conjunction with a double spectrometer Jobin-Yvon U1000.
Everything was taken by a computer using an Arduino controlled by a Python program.
The samples were always under vacuum inside the cryostat during the measurements. All
the measurements were taken under vacuum using a cryostat with a Pfeiffer Vacuum HiCube
turbo pump. The temperature was controlled with a CTI-CRYOGENICS compressor with
a temperature controller Lakeshore 330.
The calculations have been performed by adopting periodic boundary conditions and
localized atomic basis set as implemented in the CRYSTAL17 program.17 The computa-
tional set-up consists of double split quality basis sets which include polarization, along
with the PBE functional for the description of the exchange-correlation.18 An automatic
4x4x1 sampling of the first Brillouin zone was selected,19 where the less dense sampling is
related to the direction associated to the inorganic-sheet stacking, in the reciprocal lattice.
The Grimme-D2 approach was included, to improve the description of the atomic forces
between the organic cations. The SCF accuracy has been increased to 1010 Hartree, to
obtain accurate interatomic forces. This computational set-up has been already tested for
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the parental CH3NH3PbI3 perovskite in Ref.
20 and resulted in DFT vibrational spectra in
excellent agreement with the experimental data available.
Acknowledgement
A.R.S.K. acknowledges funding from EU Horizon 2020 via a Marie Sklodowska Curie Fel-
lowship (Global) (Project No. 705874). C.S. acknowledges partial support by the National
Science Foundation (Award 1838276), the School of Chemistry and Biochemistry, and the
College of Science of Georgia Institute of Technology. S.R. and R.L. acknowledge support
from the Natural Science and Engineering Research Council of Canada. The work at Mons
was supported by the Interuniversity Attraction Pole program of the Belgian Federal Science
Policy Office (PAI 6/27) and FNRS-F.R.S. Computational resources have been provided by
the Consortium des E´quipements de Calcul Intensif (CE´CI), funded by the Fonds de la
Recherche Scientifique de Belgique (F.R.S.-FNRS) under Grant No. 2.5020.11. D.B. is a
FNRS Research Director.
References
(1) Guo, Y.; Yaffe, O.; Paley, D. W.; Beecher, A. N.; Hull, T. D.; Szpak, G.; Owen, J. S.;
Brus, L. E.; Pimenta, M. A. Interplay between organic cations and inorganic frame-
work and incommensurability in hybrid lead-halide perovskite CH3NH3PbBr3. Physical
Review Materials (2017), (1), 042401(R).
(2) Milot, R. L.; Sutton, R. J.; Eperon, G. E.; Haghighirad, A. A.; Martinez Hardigree, J.;
Miranda, L.; Snaith, H. J.; Johnston, M. B.; Herz, L. M. Charge-Carrier Dynamics in
2D Hybrid Metal–Halide Perovskites. Nano Letters (2016), (16), 7001–7007.
(3) Tsai, H.; Asadpour, R.; Blancon, J.-C.; Stoumpos, C. C.; Even, J.; Ajayan, P. M.;
Kanatzidis, M. G.; Alam, M. A.; Mohite, A. D.; Nie, W. Design principles for electronic
12
charge transport in solution-processed vertically stacked 2D perovskite quantum wells.
Nature Communications (2018), (9), 044302.
(4) Straus, D. B.; Hurtado Parra, S.; Iotov, N.; Gebhardt, J.; Rappe, A. M.; Subotnik, J. E.;
Kikkawa, J. M.; Kagan, C. R. Direct Observation of Electron–Phonon Coupling and
Slow Vibrational Relaxation in Organic–Inorganic Hybrid Perovskites. Journal of the
American Chemical Society (2016), (138), 13798–13801.
(5) Kang, J.; Wang, L.-W. Dynamic Disorder and Potential Fluctuation in Two-
Dimensional Perovskite. The Journal of Physical Chemistry Letters (2017), (8), 3875–
3880.
(6) Baranowski, M.; Urban, J. M.; Zhang, N.; Surrente, A.; Maude, D. K.; Andaji-
Garmaroudi, Z.; Stranks, S. D.; Plochocka, P. Static and Dynamic Disorder in Triple-
Cation Hybrid Perovskites. The Journal of Physical Chemistry C (2018), (122), 17473–
17480.
(7) Brivio, F.; Frost, J. M.; Skelton, J. M.; Jackson, A. J.; Weber, O. J.; Weller, M. T.;
Gon˜i, A. R.; Leguy, A. M. A.; Barnes, P. R. F.; Walsh, A. Lattice dynamics and vibra-
tional spectra of the orthorhombic, tetragonal, and cubic phases of methylammonium
lead iodide. Physical Review B (2015), (92), 144308.
(8) Yaffe, O.; Guo, Y.; Tan, L. Z.; Egger, D. A.; Hull, T.; Stoumpos, C. C.; Zheng, F.;
Heinz, T. F.; Kronik, L.; Kanatzidis, M. G.; Owen, J. S.; Rappe, A. M.; Pimenta, M. A.;
Brus, L. E. Local Polar Fluctuations in Lead Halide Perovskite Crystals. Physical Re-
view Letters (2017), (118), 136001.
(9) Miyata, K.; Meggiolaro, D.; Trinh, M. T.; Joshi, P. P.; Mosconi, E.; Jones, S. C.;
De Angelis, F.; Zhu, X.-Y. Large polarons in lead halide perovskites. Science advances
(2017), (3), e1701217.
13
(10) Blancon, J.-C. et al. Scaling law for excitons in 2D perovskite quantum wells. Nature
Communications (2018), (9), 04659x.
(11) Neutzner, S.; Thouin, F.; Cortecchia, D.; Petrozza, A.; Silva, C.; Srimath Kan-
dada, A. R. Exciton-polaron spectral structures in two-dimensional hybrid lead-halide
perovskites. Physical Review Materials (2018), (2), 064605.
(12) Thouin, F.; Valverde Cha`vez, D. A.; Quarti, C.; Cortecchia, D.; Bargigia, I.;
Beljonne, D.; Petrozza, A.; Silva, C.; Srimath Kandada, A. R. Phonon coherences
reveal the polaronic character of excitons in two-dimensional lead-halide perovskites.
arXiv:1807.10539 (2018),
(13) Thouin, F.; Neutzner, S.; Cortecchia, D.; Dragomir, V. A.; Soci, C.; Salim, T.;
Lam, Y. M.; Leonelli, R.; Petrozza, A.; Kandada, A. R. S.; Silva, C. Stable biexci-
tons in two-dimensional metal-halide perovskites with strong dynamic lattice disorder.
Physical Review Materials (2018), (2), 034001.
(14) Cortecchia, D.; Neutzner, S.; Yin, J.; Salim, T.; Srimath Kandada, A.; Bruno, A.;
Lam, Y.; Mart´ı-Rujas, J.; Petrozza, A.; Soci, C. Structure-controlled optical thermore-
sponse in Ruddlesden-Popper layered perovskites. APL Materials (2018), (6), 114207.
(15) Ueda, T.; Shimizu, K.; Ohki, H.; Okuda, T. 13C CP/MAS NMR Study of the Lay-
ered Compounds [C6H5CH2CH2NH3]2[CH3NH3]n−1Pbnl3n+1 (n = 1, 2). Zeitschrift fu¨r
Naturforschung As (1996), (51), 910–914.
(16) Kamminga, M. E.; Hidayat, R.; Baas, J.; Blake, G. R.; Palstra, T. T. M. Out-of-
plane polarization in a layered manganese chloride hybrid. APL Materials (2018), (6),
066106.
(17) Dovesi, R.; Erba, A.; Orlando, R.; Zicovich-Wilson, C. M.; Civalleri, B.; Maschio, L.;
Re´rat, M.; Casassa, S.; Baima, J.; Salustro, S.; Kirtman, B. Quantum-mechanical
14
condensed matter simulations with CRYSTAL. Wiley Interdisciplinary Reviews: Com-
putational Molecular Science (2018), (8), e1360.
(18) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made
Simple. Physical Review Letters (1996), (77), 3865–3868.
(19) Monkhorst, H. J.; Pack, J. D. Special points for Brillouin-zone integrations. Physical
Review B (1976), (13), 5188–5192.
(20) Ivanovska, T.; Quarti, C.; Grancini, G.; Petrozza, A.; De Angelis, F.; Milani, A.; Ru-
ani, G. Vibrational Response of Methylammonium Lead Iodide: From Cation Dynamics
to Phonon-Phonon Interactions. ChemSusChem (2016), (9), 2994–3004.
15
